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We observe spatial fringes in the interference of two beams, which are controlled by a third
beam through the phenomenon of induced coherence without induced emission. We show that the
interference pattern depends on the alignment of this beam in an analogous way as fringes created
in a traditional division-of-amplitude interferometer depend on the relative alignment of the two
interfering beams. We demonstrate that the pattern is characterized by an equivalent wavelength,
which corresponds to a combination of the wavelengths of the involved physical light beams.
The relationship between path-information and inter-
ference is fundamental to quantum physics [1] and has
been studied in various contexts [2–4]. A particularly
remarkable manifestation of this relationship is the phe-
nomenon of induced coherence without induced emission
[5, 6]. This phenomenon was used for fundamental tests
of complementarity [7–9] and led to applications in imag-
ing [10, 11], metrology [12], spectrum shaping [13], and
spectroscopy [14, 15]. If two spatially separated nonlinear
crystals produce photon pairs (signal and idler) by spon-
taneous parametric down-conversion (SPDC) [16, 17], the
emitted signal beams in general do not interfere, even
if the two pump beams are mutually coherent. This is
due to the fact that the idler beams carry information
which source a down-converted pair originated from. By
aligning the idler beams emitted by the two crystals, this
information can be suppressed. If the path lengths are
chosen accordingly, then lowest-order interference is ob-
served between the two signal beams. It has been shown
that path distinguishability can be introduced through a
time delay between the two idler beams [18] or by atten-
uating the idler beam from one source using a partially
transmissive filter. In the latter case, the resulting vis-
ibility was quantitatively connected to the transmission
coefficient [5, 6].
Here, we analyze a situation, in which distinguisha-
bility is introduced in a different way. This is done by
marginally misaligning the idler beams, either by tilting
or by defocusing one with respect to the other. One could
conjecture that this has the analogous effect of merely a
reduced visibility. However, our experiment shows that
because the misalignment can be described by a trans-
verse phase gradient, it results in the observation of spa-
tial interference fringes. This interference pattern leads
to a reduction of visibility when intensities are obtained
by integrating over a transverse section of the beam.
We demonstrate analogies and differences between
these fringes created by induced coherence and those cre-
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ated in traditional interferometry by division of ampli-
tude, i.e. by interfering two beams, which are derived
from a single beam by splitting it on a semi-reflecting
surface. In a standard division-of-amplitude interferom-
eter (e.g. a Michelson interferometer), a fringe pattern is
observed, when one of the two interfering beams is mis-
aligned with respect to the other. In particular, parallel
or round fringes occur, depending on whether the tilt or
the propagation distance of one beam is changed. In our
case, the fringe pattern exhibits an analogous structure
if we keep the two interfering signal beams aligned, but
misalign the idler beam from one crystal with respect to
the other idler beam.
We further show that the obtained fringe pattern is
characterized neither by the signal nor by the idler wave-
length alone, but by a combination of the involved wave-
lengths. We attribute this effect to the momentum cor-
relation in non-degenerate SPDC.
Our setup is depicted in Fig. 1. Two nonlinear crystals
(NL1 and NL2) are pumped by the same laser source and
produce photon pairs by non-degenerate SPDC. The two
signal beams are superposed at a beam splitter and sub-
sequently detected by a camera. Lens systems assure that
if the signal fields at the two crystals are decomposed into
plane wave components, one wave-vector (spatial mode)
of each signal field is detected at one point on the camera.
In other words, the camera detects the transverse Fourier
transform of the superposed signal field. The idler beam
emerging from NL1 is directed through NL2 and aligned
with the idler beam generated at NL2. A 4f lens system
is inserted between the two crystals, which produces an
image of the idler beam cross-section from NL1 at NL2.
In this way, each spatial mode of the idler beam after NL2
has almost equal probability of being populated with an
idler photon generated at NL1 or with an idler photon
from NL2. If the path lengths are chosen accordingly, an
idler photon detected after NL2 does not carry any infor-
mation about which crystal it emerged from. Therefore,
it is impossible to infer from which crystal its partner
signal photon arrives at the beam splitter. As a conse-
quence, interference between the two signal beams can be
observed in each spatial mode, i.e. at each point on the
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Figure 1: Setup of the experiment. A continuous-wave pump
laser (blue, 532 nm) is split at a beam splitter and focused into
two nonlinear crystals NL1 and NL2. The crystals produce
signal (green, 810 nm) and idler (red, 1550 nm) photon pairs
by type-0 SPDC. The idler beam from NL1 is overlapped with
the idler beam from NL2 such that the two beams are indistin-
guishable after NL2. The two signal beams are superposed at
a beam splitter and a camera detects the output at the focal
distance of a positive lens (Lc). Confocal lens systems ensure
identical pump spots at the crystals and indistinguishability
of each mode of the idler beams at NL2. Coherence is induced
between the respective modes of the signal beams. The lens
systems further assure that the effect of the longer path-length
of the signal beam from NL1 is canceled.
camera. No heralding or coincidence detection is used.
If the idler beam is blocked between NL1 and NL2, the
signal beams do not interfere. The pair production rate
in our experiment is low enough to render the possibility
of stimulated emission negligible, as the probability of
two idler photons being present in the setup at the same
time is practically zero.
The lens systems effectively cancel the effect of free-
space propagation between the crystals. In the case
of perfect alignment, the observed interference pat-
tern exhibits a uniform intensity modulation along the
beam cross section. That is, by scanning the position-
independent interferometric phase, all points on the cam-
era simultaneously undergo the same transition from
maximum to minimum intensity (See Fig. 2a). Note that
the interferometric phase can be modulated by changing
the optical path length of either one of the signal beams,
the idler beam between NL1 and NL2, or by changing
the relative phase of the pump beam between NL1 and
NL2. In our experiment, we investigate situations, in
which the relative alignment of the two idler beams is
modified. Maintaining perfect alignment of the two sig-
nal beams, a small tilt of the idler beam generated at
NL1 relative to that generated at NL2 causes parallel
interference fringes to appear (Fig. 2b). This tilt is im-
plemented by translating a lens of the imaging system
perpendicular to the beam propagation axis. A different
interference pattern is created if instead of transversely
displacing the idler beam, the imaging system from NL1
to NL2 is defocused.
The observation of a spatially dependent interference
pattern in the superposition of signal beams can be un-
derstood considering the quantum state of light in our
experiment. Each crystal NLj produces photon pairs in
a set of spatial modes labeled by the wave vectors kS and
kI ,
|ψNLj〉 =
∫
dkSj dkIjC(kS ,kI)|kS〉j |kI〉j . (1)
The coefficients C(kS ,kI) determine the properties of the
emission. In our experiment, two crystals are pumped co-
herently and emit into identical idler modes. This is rep-
resented by re-labeling idler modes from different crystals
in the superposition |ψNL1〉+ |ψNL2〉 as kI1 → kI ,kI2 →
kI (a more detailed theoretical treatment can be found
in [19]). The projection of the final bi-photon state onto
one particular mode k′S of the signal beam is given by
|Ψk′S 〉 =
∫
dkIC(k
′
S ,kI)
×
(
|k′S〉1 + ei(φI(kI)+φ0)|k′S〉2
)
|kI〉, (2)
where φI(kI) denotes the phase shift introduced in the
idler mode kI between NL1 and NL2 and all other phase
terms are combined in φ0. Since the lens in front of
the camera maps one wave vector to one point on the
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Figure 2: Interference fringes in the signal beam for different
idler beam configurations. (a) On perfect alignment of the
4f imaging system on the idler beam, a uniform interference
pattern is observed as a bright or a dark spot on the camera
as the phase is shifted by pi. (b) By tilting the idler beam,
parallel fringes are produced on the camera. (c) If the imaging
system is defocused, circular fringes occur.
3camera, this state determines the detection probability
at the corresponding point on the camera.
We consider the beams to be paraxial and the detec-
tion plane perpendicular to the optical axis. The su-
perposed signal beam is detected after a 3 nm bandpass
filter centered at the signal wavelength λS . We assume
a well-collimated pump beam [26] and neglect any trans-
verse phase mismatch. In this case, the transverse wave
vectors qS and qI of a signal and an idler photon belong-
ing to the same pair are related by the phase matching
condition
qS + qI = qP ≈ 0, (3)
where qP denotes a transverse wave vector of the pump
field. The transverse momentum correlation implied by
Eq. (3) is reflected in the coefficients C(kS ,kI). It fol-
lows from Eq. (2) that in this case, a spatially depen-
dent phase introduced in the idler beam between the two
crystals is observed in the interference pattern of the two
signal beams. Note that such spatial fringes can occur
only if some correlation between the momenta of signal
and idler photons exists [27]. The relationship between
momentum correlation and fringe visibility is subject of
a separate paper [20].
In common optical interferometers, in which two in-
terfering beams are created by division of amplitude [21,
Ch.7], circular fringes occur if the optical path length of
one of the beams is extended with respect to the other.
These fringes are often referred to as fringes of equal in-
clination or Haidinger fringes [22, Ch.2]. Their trans-
verse spacing at a given relative distance is determined
by the wavelength of the interfering light. In our inter-
ferometer, the wavelengths of signal (λS = 810 nm) and
idler (λI = 1550 nm) beams differ significantly from each
other. This gives rise to the question, which wavelength
governs the spatial fringes in our experiment.
In order to create the fringes, the imaging system in
the idler beam was defocused by translating a lens (Li1
in Fig. 1) about a distance δ along the beam propaga-
tion axis. The resulting phase shift can be approximated
by the phase shift introduced by free-space propagation
about a distance d = (f2δ)/(f2 + δ2) (supplementary).
Here, f denotes the focal length of the lenses in the idler
beam (Li1 and Li2 in Fig. 1). Under this approximation,
the introduced phase shift can be expressed as
φ(θI) =
2pi
λI
d
θ2I
2
, (4)
where θI is the angle, a wave vector of the idler beam
subtends with the optical axis. Due to the symmetry of
Eq. (4) in rotations about the optical axis, the fringes
introduced in this way are circular.
As our sources produce non-degenerate photon pairs,
correlated signal and idler plane wave components leave
the crystals at different angles from the optical axis
(θS and θI respectively), as a consequence of the phase
matching condition, Eq. (3). For small angles, θS and θI
are related to the wavelengths of signal and idler beams
as [28]
θS
θI
≈ λS
λI
. (5)
Wave vectors θS of the superposed signal beam are ob-
served on the camera at a transverse distance ρ ≈ fcθS
from the optical axis. Here fc denotes the focal length of
the lens in front of the camera (Lc in Fig. 1). As a conse-
quence of Eq. (2) with the phase-matching condition Eq.
(3), the phase introduced in the idler beam at θI modu-
lates the intensity in the superposed signal beam at θS .
Equation (5) shows that this modulation is observed in
the camera at the transverse distance from the beam cen-
ter ρ ≈ fcθIλS/λI . Therefore, the observed interference
pattern depends on both signal and idler wavelengths.
It can be shown that the radii of the resulting circular
fringes on the camera obey the following condition for
maxima and minima (cf. [19]),
d
2f2c
ρ2n + ϕ = n
λ2S
λI
, (6)
where intensity maxima correspond to integer n =
0, 1, 2, 3,. . . and minima to n = 0.5, 1.5, 2.5. . . . Here,
ϕ is a phase-offset, which is constant across the beam
cross-section. Equation (6) closely resembles the condi-
tion for maxima and minima of fringes of equal inclina-
tion in classical interferometry [21, Ch.7]. However, the
fringes in our experiment are characterized by an “equiv-
alent wavelength”,
λeq =
λ2S
λI
, (7)
which governs the number of minima and maxima within
a certain radial distance on the camera for a given value
of d.
Figure 3a shows examples of resulting fringe patterns
at the camera when phase-shifts corresponding to dif-
ferent propagation distances d are introduced. The im-
ages were analyzed using a computer algorithm, which
evaluated the radii ρn of bright and dark fringes (circles
of maximum and minimum intensity). It follows from
Eq. (6) that these radii are subject to the condition
aρ2n + ϕ
′ = n, where a = d/(2f2c λeq). Figure 3b shows
experimentally obtained pairs of (ρn, n) for three differ-
ent values of d. The coefficient a was evaluated using
2nd order polynomial fits to the data. It can be inter-
preted as a measure of the spatially dependent change of
the relative phase between the two interfering beams. In
Fig. 3c, the obtained values of a are plotted for different
propagation distances d in comparison to the theoretical
prediction. The equivalent wavelength was determined
from the dependence of a on d. The result, λeq = 420±7
nm agrees well with the theoretical value of 423 nm.
This result shows that the circular fringe pattern cre-
ated through induced coherence without induced emis-
sion is governed by a combination of signal and idler
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Figure 3: Wavelength dependence of the interference pattern (a) Examples of camera images obtained by introducing effective
propagation distances d in the idler beam between the two crystals. (b) Evaluated radial positions ρn of minima and maxima
for d = 9 mm (red), d = 13 mm (green),and d = 17 mm (blue). Error bars representing the standard deviation of the mean
are smaller than the dots. These radii are subject to the condition aρ2n + φ0 = n, where n represents the order of maxima (n
= 1, 2) and minima (n = 0.5, 1.5, 2.5). The solid lines are parabolic fits to the data, used to determine a. (c) The quadratic
coefficients a (black points) determine how fast the relative phase between the two interfering beams varies with the distance
from the center of the pattern. They show the expected linear dependence on the introduced propagation distance. The
slope corresponds to an equivalent wavelength of 420± 7 nm. The solid line shows the theoretical prediction for an equivalent
wavelength of 423 nm.
wavelengths and not by either of the two alone. This is
a signature of the momentum correlation between signal
and idler beams.
By measuring the equivalent wavelength, it is possible
to obtain quantitative information about the idler pho-
tons from the spatial structure of the fringes in the signal
beam. In particular, if the signal wavelength is known, we
can determine the wavelengths of both idler and pump
beams from the fringe pattern. No idler photon needs
to be detected for this measurement. For our choice of
pump wavelength and crystal parameters, the equivalent
wavelength is smaller than any of the involved physical
wavelengths (of signal, idler or pump). This makes it
potentially interesting for applications in metrology.
The role of different propagation distances of the two
idler beams was studied previously in a setup without
lens systems [23]. A reduction of visibility was predicted
as a consequence of the distinguishability arising from a
difference between the divergences and transverse sizes
of the two aligned idler beams. We have shown that the
introduction of a propagation phase in the idler beam
between the two crystals leads to spatial interference
fringes. It is clear that if intensity measurements are
performed by integrating over a finite cross-section of the
beam, these spatial fringes lead to a reduced visibility.
The appearance of circular fringes governed by the
equivalent wavelength is not limited to the quantum ef-
fect of induced coherence without induced emission. One
could envisage a similar experiment in which the emis-
sion of signal photons is stimulated by a common light
source. This could be done for example by sending a laser
at the idler wavelength through the common idler path
(see also [24]). In this case, the two emitted signal beams
would display many of the observed features. In partic-
ular, similar fringes could be observed if an appropriate
phase shift is introduced in the stimulating laser beam
between the two crystals. However, if the stimulating
laser beam is blocked between the two crystals, no stim-
ulated emission can occur in the second crystal, leading
to a reduced emission rate of signal photons there. This
5is an important difference to our experiment, where the
intensities of the individual signal beams do not change,
when the idler beam is either blocked or misaligned.
The formation of striped and circular interference
fringes is familiar from traditional interferometry, where
similar patterns are produced e.g. by introducing a tilt or
an additional propagation distance in one of the interfer-
ing beams. In this case, the fringe pattern is character-
ized by the wavelength of the interfering beams. In our
experiment, the interference pattern is produced by ma-
nipulating only the undetected idler beam. None of the
two interfering beams traverses the lens system, which
is used to produce and control the fringes. Neverthe-
less, the obtained fringe pattern resembles that of a tra-
ditional interferometer, in which the same manipulation
is performed in one of the interfering beams. However,
in contrast to a traditional interferometer, the pattern
is characterized by a combination of the wavelengths of
both photons.
As long as the idler beam in our experiment is blocked
or not aligned, the signal beams are mutually incoherent
and do not interfere. Therefore, it is impossible to at-
tribute a deterministic phase difference to the two signal
beams. However, the alignment of the respective idler
beams induces coherence between the signal beams. The
spatial dependence of the induced phase difference can
be controlled in the undetected idler beam in an anal-
ogous way as a spatially dependent phase-shift can be
controlled in the interfering beams of a classical interfer-
ometer.
Acknowledgements
The authors thank F. Steinlechner for helpful dis-
cussions. This work was supported by the Austrian
Academy of Sciences (O¨AW) - IQOQI Vienna and the
Austrian Science Fund (FWF) with SFB F40 (FOQUS)
and W1210-2 (CoQuS).
[1] R. P. Feynman, R. B. Leighton, and M. Sands. Quantum
Mechanics, The Feynman Lectures on Physics, Vol. 3.
Reading, MA: Addison-Wesley, 1965.
[2] D. M. Greenberger and A. Yasin. Simultaneous wave and
particle knowledge in a neutron interferometer. Physics
Letters A, 128(8):391–394, 1988.
[3] L. Mandel. Coherence and indistinguishability. Optics
letters, 16(23):1882–1883, 1991.
[4] B. G. Englert. Fringe visibility and which-way informa-
tion: An inequality. Physical review letters, 77(11):2154,
1996.
[5] L. J. Wang, X. Y. Zou, and L. Mandel. Induced co-
herence without induced emission. Physical Review A,
44(7):4614, 1991.
[6] X. Y. Zou, L. J. Wang, and L. Mandel. Induced coherence
and indistinguishability in optical interference. Physical
review letters, 67(3):318, 1991.
[7] T. J. Herzog, J. G. Rarity, H. Weinfurter, and
A. Zeilinger. Frustrated two-photon creation via inter-
ference. Physical review letters, 72(5):629, 1994.
[8] T. J. Herzog, P. G. Kwiat, H. Weinfurter, and
A. Zeilinger. Complementarity and the quantum eraser.
Physical Review Letters, 75(17):3034, 1995.
[9] A. Heuer, R. Menzel, and P. W. Milonni. Complemen-
tarity in biphoton generation with stimulated or induced
coherence. Physical Review A, 92(3):033834, 2015.
[10] G. Barreto Lemos, V. Borish, G. D. Cole, S. Ramelow,
R. Lapkiewicz, and A. Zeilinger. Quantum imaging with
undetected photons. Nature, 512(7515):409–412, 2014.
[11] M. Lahiri, R. Lapkiewicz, G. B. Lemos, and A. Zeilinger.
Theory of quantum imaging with undetected photons.
Physical Review A, 92(1):013832, 2015.
[12] F. Hudelist, J. Kong, C. Liu, J. Jing, Z. Y. Ou,
and W. Zhang. Quantum metrology with parametric
amplifier-based photon correlation interferometers. Na-
ture communications, 5, 2014.
[13] T. S. Iskhakov, S. Lemieux, A. Perez, R. W. Boyd,
G. Leuchs, and M. V. Chekhova. Nonlinear interfer-
ometer for tailoring the frequency spectrum of bright
squeezed vacuum. Journal of Modern Optics, 63(1):64–
70, 2016.
[14] S. P. Kulik, G. A. Maslennikov, S. P. Merkulova, A. N.
Penin, L. K. Radchenko, and V. N. Krasheninnikov. Two-
photon interference in the presence of absorption. Jour-
nal of Experimental and Theoretical Physics, 98(1):31–
38, 2004.
[15] D. A. Kalashnikov, A. V. Paterova, S. P. Kulik, and L. A.
Krivitsky. Infrared spectroscopy with visible light. Na-
ture Photonics, 2016.
[16] D. N. Klyshko. Scattering of light in a medium with
nonlinear polarizability. Sov. Phys. JETP, 28:522, 1969.
[17] D. C. Burnham and D. L. Weinberg. Observation of si-
multaneity in parametric production of optical photon
pairs. Physical Review Letters, 25(2):84, 1970.
[18] X. Y. Zou, T. Grayson, G. A. Barbosa, and L. Mandel.
Control of visibility in the interference of signal photons
by delays imposed on the idler photons. Physical Review
A, 47(3):2293, 1993.
[19] M. Lahiri, A. Hochrainer, R. Lapkiewicz, G. B. Lemos,
and A. Zeilinger. Twin photon correlations in single pho-
ton interference. to be published, 2016.
[20] A. Hochrainer, M. Lahiri, R. Lapkiewicz, G. B. Lemos,
and A. Zeilinger. Quantifying the momentum correla-
tion between two light beams by detecting one. to be
published, 2016.
[21] M. Born and E. Wolf. Principles of optics: electromag-
netic theory of propagation, interference and diffraction
of light. Cambridge university press, 1999.
[22] P. Hariharan. Optical interferometry. Academic press,
2003.
[23] T. P. Grayson and G. A. Barbosa. Spatial properties of
spontaneous parametric down-conversion and their effect
on induced coherence without induced emission. Physical
Review A, 49(4):2948, 1994.
[24] L. J. Wang, X. Y. Zou, and L. Mandel. Observation of
induced coherence in two-photon downconversion. JOSA
6B, 8(5):978–980, 1991.
[25] J. W. Goodman. Introduction to Fourier optics. Roberts
and Company Publishers, 2005.
[26] In our experiment, the Gaussian waist of the pump beam
was approximately 250 µm at a crystal length of 2 mm.
[27] In the case of uncorrelated momenta of signal and idler
photons, C(kS ,kI) can be separated as CS(kS)CI(kI).
In this case, all kI contributing to the phase term in Eq.
(2) are integrated over, which diminishes the visibility of
the spatial fringes.
[28] This relation is obtained from Eq. (3) considering the
refraction at the crystal surface [11].
7A. SUPPLEMENTARY INFORMATION
Figure 4: Displaced 4f lens system in the idler beam. See
text.
Here, we justify why the translation of a lens in the
4f imaging system in our experiment produces a phase
shift equivalent to that introduced by free-space propa-
gation. The lens system through which the idler beam
propagates between the two crystals is sketched in Fig.
4. The displacement of the first lens from its initial po-
sition in the 4f imaging system is denoted by δ. Due
to the symmetry of our experimental setup, we restrict
ourselves to a one-dimensional calculation. The optical
field of the idler beam at the plane in the center of NL1
is denoted by U0(ξ), where ξ is the transverse position
coordinate. The optical field at the plane in the center
of NL2 (Uf (x)) is obtained by Fourier optics calculation
as
Uf (x) ∝
∞∫
−∞
dξ U0(ξ) exp
( ik
2
[
x2
(
1
δ
+
δ
f2
)
− 2xξ 1
δ
+ ξ2
1
δ
])
. (8)
Consider now a free-space propagation of the field
U0(ξ) by a distance d = f
2δ/(f2 + δ2). In this case,
the propagated field is given by [25]
Uprop(x) ∝
∞∫
−∞
dξ U0(ξ) exp
( ik
2
[
x2
(
1
δ
+
δ
f2
)
− 2xξ
(
1
δ
+
δ
f2
)
+ ξ2
(
1
δ
+
δ
f2
)])
(9)
Comparing the terms in Eq. (8) and Eq. (9), it is clear
that the two expressions are approximately equal when
δ2/f2 << 1. In our experiment, the largest value of
δ2/f2 is below 0.06.
